Background and Aims Hylocereus and Selenicereus are native to tropical and sub-tropical America. Based on its taxonomic status and crossability relations it was postulated that H. megalanthus (syn. S. megalanthus) is an allotetraploid (2n = 4x = 44) derived from natural hybridization between two closely related diploid taxa. The present work aimed at elucidating the genetic relationships between species of the two genera.
I N T R O D U C T I O N
The vine cacti of the genera Hylocereus (Berger) Br. and R. and Selenicereus (Berger) Br. and R. from tropical and subtropical America are a group of potential new fruit crops (Mizrahi and Nerd, 1999) . Hylocereus species are characterized by elongated, normally three-angled stems, branches with aerial roots, and large flowers, mostly white (rarely red), with the ovary and tube bearing large foliaceous scales but not spines. The fruits are spineless but with several or many foliaceous scales. They are mostly large and edible ( Fig. 1 ; see also Britton and Rose, 1963) . Selenicereus species are distinguished by ribbed or angled stems, irregularly giving off aerial roots. The flowers are often large and the scales of the ovary and flower-tube are small, usually with long felt hairs and bristles in their axils. The large reddish fruits are covered with clusters of deciduous spines, bristles and hairs (Britton and Rose, 1963) (Fig. 1 ). According to Barthlott and Hunt (1993) the genus Hylocereus comprises 16 species, and the genus Selenicereus, 20 species. Recently, however, the taxonomy of this group was revised (Bauer, 2003) . Here Bauer's nomenclature is used, giving synonyms (Barthlott and Hunt, 1993) in parentheses to allow comparisons to be made with published studies (Lichtenzveig et al., 2000; Tel-Zur et al., 2003 , 2004 ).
Cytological observations show that H. cubensis (syn. H. triangularis), H. guatemalensis, H. monacanthus (including H. polyrhizus), H. ocamponis (syn. H. purpusii), H. triangularis (including H. cubensis), H. trigonus, H. undatus, S. grandiflorus, S. grandiflorus, subsp. hondurensis (syn. S. hondurensis), S. pteranthus and S. spinulosus are diploid, whereas H. megalanthus is tetraploid (Beard, 1937; Spencer, 1955; Lichtenzveig et al., 2000) . Britton and Rose (1963) provided a detailed description of the morphology of H. megalanthus which has a triangular stem like that of Hylocereus, and spiny fruits like those of Selenicereus. Accordingly, they classified it into a separate genus named Mediocactus, thereby implying both an intermediate morphology and an intermediate taxonomic status (Britton and Rose, 1963 ). Bauer's placement of this species in Hylocereus reflects the close affinity between the tetraploid taxon and the diploid Hylocereus species (Bauer, 2003) . The fact that a tetraploid taxon shares morphological features with two diploid taxa, which are also cross compatible (Lichtenzveig et al., 2000) , might imply an allotetraploid origin. Moreover, recent molecular data support an allopolyploid origin of this species (Tel-Zur et al., 2004) .
In this work an attempt was made to test the above hypothesis regarding the origin of H. megalanthus by trying to identify its possible diploid ancestors. Identification of the putative diploid genome donors of H. megalanthus and Annals of Botany 94/4, ª Annals of Botany Company 2004; all rights reserved * For correspondence. E-mail mizrahi@bgu.ac.il better understanding of the evolutionary relationships among the diploid and tetraploid taxa in vine cacti are of both basic and applied importance. In this framework, the genetic relationships among Hylocereus and Selenicereus species were investigated. Hybrid plants were analysed in terms of chromosome counts and morphological traits. The ploidy of H. megalanthus and of the hybrids was confirmed by fluorescent in situ hybridization (FISH). Genomic in situ hybridization (GISH) was used in an attempt to identify the possible ancestors of H. megalanthus and the chromosome complements of a triploid hybrid from the cross H. monacanthus · H. megalanthus. The limitations of GISH as a diagnostic tool in this group of plants are discussed.
M A T E R I A L S AN D M E T H O D S

Plant material and growth conditions
The taxa used in this study (including their origins) and the hybrids are listed in Table 1 . Living specimens of all species, clones and hybrids involved are kept at the cactus gene-bank at Ben-Gurion University, Beer-Sheva, Israel. In addition, and in light of the recent taxonomic revision of this group (Bauer, 2003) , scaled photographs of all materials involved will be deposited on the Mizrahi web site (http://www.bgu.ac.il/life/Faculty/Mizrahi/index.html) to allow future researchers to inspect the identity of our plant materials independently.
The study was carried out in Beer-Sheva and at the Habesor Research Station (Israel, 31 N, 34 E) during 1997 (Israel, 31 N, 34 E) during -2001 . Parental plants, 6-9 years old, and hybrid plants, 3-7 years old, were grown in net houses under 80 % shade.
Artificial pollination was performed manually with a brush as the flowers opened. Each stigma was then covered with a paper cup to prevent self-pollination. However, this measure was not fully effective, and chromosome counting and characterization of fruit morphology were required to confirm the hybrid nature of the progeny. 
.
y Range of chromosomes counted.
Cytology
Chromosome number was determined in pollen mother cells (PMCs) excised from flower buds (5-6 cm long) as previously described by Lichtenzveig et al. (2000) . In some polyploid hybrids, chromosome counting was difficult, and hence a range of numbers is given.
In situ DNA hybridization
Chromosome preparations were performed as previously described by Tel-Zur et al. (2003) . The ploidy of the hybrids was confirmed by FISH analysis with the entire wheat rDNA (pTa71) repeat unit (Gerlach and Bedbrook, 1979) . The putative ancestors of H. megalanthus and the parental accessions of one triploid hybrid were tested by GISH analysis.
FISH and GISH analyses were performed according to Reader et al. (1994) . DNA was labelled with fluorescent nucleotides after Simpson et al. (1988) . For FISH analysis, the entire wheat rDNA probe was isolated with a NucleoSpin Plasmid Kit (Macherey-Nagel, #740588Á50) and labelled with fluorescein-deoxyuridine triphosphate (fluorescein-11-dUTP). For GISH analysis, total genomic DNA was extracted from fresh roots of the particular species under study with a PUROGENE DNA Isolation Kit (Gentra, D-5000) and labelled with rhodamine-11-dUTP. To increase the probe specificity, the hybridization mixture was allowed to pre-anneal for 20 min at 65 C before it was mounted onto a slide. After hybridization, the slides were washed twice in 2· saline sodium citrate (SSC) at 65 C for 15 min, twice in 0Á1· SSC at 42 C for 15 min, and once in 4· SSC at room temperature. Total genomic DNA or salmon sperm DNA (Lim et al., 2000; Taketa et al., 2000) was used as the unlabelled DNA block after autoclave fragmentation to a range of 100-300 bp (121 C for 5 min). The slides were examined under a Zeiss AxiosKop 2 fluorescence microscope, and photomicrographs were taken using Fujicolor (800 ASA) film with 4-s exposure.
The images obtained were scanned and manipulated with an HP image Editor by changing the brightness and contrast uniformly across the image. At least 20 cells were examined in each genotype in each experiment.
R E S U L T S
Cytology
All the 20 homoploid hybrids among diploid Hylocereus spp. investigated were found to be diploid, like their parents (Table 1) , showing normal meiosis with regular pairing (11 bivalents) in the PMCs analysed. Seed germination in the F 2 was close to 90 %, which is another good indication of normal gametogenesis in the F 1 hybrids. Chromosome counts of 32 putative hybrids originating from crosses between diploid Hylocereus spp. and tetraploid H. megalanthus confirmed the hybrid nature of 13 plants, among which triploid, pentaploid, hexaploid and 3x-6x aneuploid plants were found (Table 1 ). The remaining progeny were diploid or tetraploid, showing morphological similarity to, and the same ploidy as, the mother plant.
Morphological and phenological traits
Morphological traits of fruits of the parent species and the F 1 hybrids from crosses among them, as well as phenological traits, are presented in Table 1 . The wide variation in fruit form (Fig. 1) , from round to elongated ellipse, was manifested in the variations in the ratio of the maximal length to the maximal width of the fruit. Comparison between the parents and their hybrids facilitated deduction of the dominance relations between the alternative alleles controlling some of these traits (Table 2) . In interploid hybrids, fruit peel colour and flesh colour were the most indicative traits for the hybrid nature of the plants. The fruits of the hybrids were intermediate between the fruits of their parents with respect to these characteristics, indicating partial dominance or co-dominance. Co-dominance was also implied for fruit size and fruit form, which were more or less intermediate between those of the parents. The species and hybrids were evaluated over a number of seasons. The results showed little variation within genotypes and significant differences between genotypes. The prolonged flowering season (from May to October) of diploid Hylocereus sp. (clone 10-487) was found to be dominant in all the crosses studied. Clones of H. megalanthus flowered from October to January. Fruit from flowers pollinated during the hot season (October) took 100 d to ripen (Table 1) , whereas fruit from flowers pollinated during November-January ripened slowly (160 d).
In interploid hybrids (confirmed by chromosome count) fruit weight was rather an indicative trait for the hybrid nature of the plants. The triploids and 3·-aneuploid hybrids bore larger fruits than their tetraploid male parents. The fruit weight of the hybrids declined as the ploidy level increased. Spiny peel, which is characteristic of H. megalanthus, proved to be dominant in all its hybrids. Fruit form, flowering time and ripening duration displayed partial dominance or co-dominance.
The hybridization rate in the interploid crosses was calculated as the number of hybrid plants among the total progeny planted. The values given in Table 3 are only indicative of the success of the crosses and should not be considered as definitive, since selfing, and probably also apomixis, took place in some of the cases. In this respect, it is worth mentioning that H. megalanthus and Hylocereus sp. are self compatible, whereas in the other species selfing occurs occasionally, especially at the beginning and the end of the flowering season (J. Mouyal, pers. comm.). As judged by morphological traits, the rate varied markedly (Table 3 ), being 92 % for H. monacanthus · H. megalanthus vs. 5 % for the reciprocal cross and 14 % for H. megalanthus · H. undatus vs. zero for the reciprocal cross. In the cross H. megalanthus · Hylocereus sp. the two reciprocal combinations failed totally.
In situ DNA hybridization
The haploid Hylocereus complement has one detectable rDNA site, as indicated by FISH analysis with the wheat rDNA probe. The number of rDNA sites of H. megalanthus was in accordance with its ploidy, with one strongly labelled site and one minor labelled site at each pole of the anaphase I spindle of the PMCs studied (Fig. 2) . The diploid (clone S-89), the triploid (clone 12-31) and the pentaploid (clone S-41) hybrids tested had the expected number of two, three and five rDNA hybridization sites, respectively (Fig. 3) .
In an attempt to determine the genetic relationship between the diploid species (in our collection) and the tetraploid H. megalanthus, GISH analysis was carried out on chromosome preparations of this species. Labelled total DNA extracted from several species was used as tester DNA in different DNA tester : block ratios (Table 4) . Hybridization experiments with tester DNA of either H. ocamponis or H. undatus and without block DNA resulted in uniform nonspecific strong red fluorescent signals on all H. megalanthus chromosomes. The signals decreased uniformly on all chromosomes with the decrease of the ratio of tester DNA : block DNA. Strong uniform signals on all H. megalanthus chromosomes were also found when total genomic DNA from H. ocamponis or S. grandiflorus was used as tester DNA, which did not decline with the decrease of tester DNA : block DNA ratio, even when salmon sperm DNA was used as the block DNA at a ratio of 1 : 200 (Table 4) .
The possibility of identifying the donor of a chromosome complement by GISH analysis in an artificial interploid hybrid was tested in the hybrid H. monacanthus · H. megalanthus, clone 12-28 (2n = 3· þ 1 = 34). Here too, as in GISH analysis for the natural polyploid, H. megalanthus, no specificity was obtained when labelled total genomic DNA from either parent was used as tester DNA with unlabelled total genomic DNA from the other parent or when salmon sperm was used as block DNA (Table 5) . At a low tester : block ratio, strong uniform fluorescent signals without any specificity were observed on all chromosomes of the hybrid plant. Furthermore, with an excess of block DNA (1 : 200 probe : block ratio) no fluorescent signal was obtained at all.
D I S C U S S I O N
The crossability among different taxa may provide valuable information about their genetic relationships. The Hylocereus spp. studied in this work cross readily. The regular meiotic chromosomal pairing in all Hylocereus hybrids studied also suggests that the species involved in the crosses differ little in their chromosomal linear order, thus indicating close relationships among them. Interploid crosses among diploid Hylocereus spp. and H. megalanthus were also obtained in various rates, depending on the particular diploid species of Hylocereus used (Table 3) . Chromosome numbers and fruit morphology indicated that no hybrids were obtained from crosses between the female H. undatus and the male H. megalanthus or from reciprocal crosses between Hylocereus sp. and H. megalanthus. The most successful cross was H. monacanthus · H. megalanthus, suggesting that H. megalanthus is closer to H. monacanthus than to H. undatus or Hylocereus sp.
Crosses between tetraploid and diploid parents are expected to produce triploid progeny. However, in this work interploid crosses also yielded pentaploids, hexaploids and aneuploids in addition to triploids. The origin of the pentaploids was attributed to unreduced female gametes from the tetraploid H. megalanthus and normal haploid male gametes from the diploid H. monacanthus, whereas the origin of the hexaploids was attributed to post-zygotic chromosome doubling (Tel-Zur et al., 2003) .
Chromosome counting in polyploids can be difficult and time consuming. In such cases, FISH analysis with rDNA fluorescent probes may provide a reasonable estimate of the ploidy of the plants tested (Weiss and Maluszynska, 2001) . In this work, the number of labelled rDNA sites found on the chromosomes was in line with the ploidy determined by chromosome counts in the hybrids. The two pairs of rDNA hybridization sites in H. megalanthus are in accordance with the tetraploid status of this taxon (Lichtenzveig et al., 2000) . The differential intensity of the two pairs of rDNA loci is consistent with 'differential amphyplasty' following interspecific hybridization (Navashin, 1934; Pikaard, 1999) . This observation and molecular data (Tel-Zur et al., 2004) , in turn, strongly supports our hypothesis regarding the allotetraploid origin of H. megalanthus.
GISH analysis, which uses total genomic DNA as aprobe, is a valuable method for testing the homology of genomes of plants and may help in the identification of the origin of whole parental genomes (Schwarzacheretal.,1989) . However,even with the strict precautions of post-hybridization, high stringency washing and a low ratio of tester DNA : block DNA, as suggested by Schwarzacher and Heslop-Harrison (2000) , no differential genome staining was observed in H. megalanthus. Therefore, at this stage no inference can be made regarding the diploid genome donors of H. megalanthus. The GISH results indicated that the overall molecular genome composition of tetraploid H. megalanthus is similar to that of diploid H. ocamponis and S. grandiflorus. Consequently, the morphological differences (and hence the taxonomic distinction) between these species may be a result of a small number of morphological genes and thus need not necessarily represent The information derived from the phenotype of F 1 plants regarding the dominance relations between the alleles controlling the different morphological and phenological traits may be useful in future breeding programmes. Several traits, such as fruit size and prolonged flowering season, have important agricultural and economic value. It is considered that the inferior fruit size of plants with a high ploidy is the consequence of irregular chromosomal behaviour at meiosis, as previously suggested for H. megalanthus (Lichtenzveig et al., 2000) , rather than the result of polyploidy per se or of the genetic distance between the parental taxa. Irregular chromosome pairing would have detrimental consequences in annual natural (or artificial) allo-or autopolyploids, because reduced gamete fertility is likely to reduce (or even eliminate) seed set. However, in the presence of genetic systems with the capacity for pairing regulation, like the wheat Ph system (Riley, 1960) , fertility could be restored in such an individual (e.g. Milo et al., 1986 Milo et al., , 1988 . Due to the perennial habit of vine cacti, there is no strong selection pressure favouring regular meiotic pairing because clones with irregular meiosis are not lost after a single flowering season and can reproduce vegetatively.
The prolonged flowering season characteristic of Hylocereus sp. (clone 10-487) has important economic implications and could be exploited in crosses. It would also be possible to produce new cultivars with different peel-flesh colour combinations. At present, no conclusive information is available regarding the mode of inheritance of fruit taste, one of the most important horticultural traits. However, in this respect the triploid H. monacanthus · H. megalanthus hybrids, the fruits of which appear to combine the taste quality of H. megalanthus and the attractive appearance of H. monacanthus are especially valuable. The marketability of the triploid fruits is further enhanced by their acceptable size (200-300 g). Hence, these hybrids are the most promising candidates for cultivation.
Novel germplasm can be utilized as new crops to diversify our dietary basis and provide niche products for food, industrial and horticulture uses (Heslop-Harrison, 2002) . However, the agronomic challenges require that the understanding of reproductive biology and taxonomy be enhanced. To this end, classical and molecular breeding tools need to be developed. For instance, relying on fruit morphology to confirm the hybrid nature of cross progeny is not economically feasible due to the relatively long juvenile stage of these species. Molecular markers can provide an adequate answer to this problem (Tel-Zur et al., 2004) , and are much needed with perennial crops like vine cacti and fruit trees.
